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itles ‘must have a a len gth not exceeding 50 char. and 
A summary of dprientenety 50 words must accompany th 


‘it is necessary letters be drawn carefully, and that symbols be 
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on. one side of ‘inch by 11-inch paper. and 
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ia, Illustrations must be drawn in black ink on one side of 854-inch by inch 
~~ paper. Because illustrations will be reproduced with a width of between 3-inches A") 
__ and 4¥z-inches, the lettering must be large enough to be legible at this width. eit : 
Photographs ‘should be submitted as glossy prints. Explanations and 


_ The desirable average length 0 ofa paper is about 12 2,000 


text, table, or ilhastration is the equivalent of 300’ words, 


Technical papers intended publication must be written in the third 
10. The “should distingwiak between a list ‘of ‘Reading References” 
and a which would encompass the subject of ‘his paper. 
Reprints from this Journal may be made on condition that the full title of 
13 bon! ‘the paper, name of author, page reference, and date of publication by the Society 
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ELECTRONIC | COMPUTER USE IN SCOPING POWER 


By Parker R. 1 M. Glenn H. Von Gunten, F. ASCE 


Within the past few years engineers have acquired a a new tool, the “elec- 
tronic computer,” which now has such widespread application in major hy- 
droelectric that it might well be designated the “modern 
This paper covers an inventory of major computer applications and sample — " 
resumes of procedures together with significant engineering achievements 
_ associated therewith. . The writers’ purpose is to aes attention to the suc- 


aw | 


INTRODUCTION 
Electronic data processing equipment has virtually ‘relegated the slide 
rule and small calculator to ‘minor status as tools in solving the complex 


problems: associated with the planning and design of major power plants on > 
_ the Lower Columbia and Snake Rivers of the United States. In practice, the 
7 significant achievement credited to the use of electronic computer in hydro- 
electric project planning and design is improvement in results and not saving 


_ Note,—Discussion open until June 1, 1961, To extend the closing date one month, a 
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in cost or manpower. Analyses of | of data electronic com- 
puters provide an opportunity to explore’ the importance of various factors 
i beyond those formerly practical. Similarly, detail correlation of turbine 
_ characteristics as related to size, speed, and setting = | conjunction with head, 
Py eee a sound basis | on which to evaluate, in ‘detail, the economic > significance 
sites, pool elevations, size, and number of power units, 
COMPUTER APPLICATION ON MAJOR LOWER COLUMBIA 


"Experience in the extensive application | of electronic computers on the John 
Dayz and Lower Monumental Projects has demonstrated major savings in pro- | 


as well as improved functional planning and design. In certain 


_ putations on major projects, particularly railroad and highway relocations, 
staff requirements and costs have been reduced. Normally, however, the re- 
_ quirements for professional and technical competency of the staff is not re- 
duced by ¢ computer use. e. It may, on the other hand, require a higher degree 
* of ability than would be required by manual processes. Although the ‘ “machines” 
4 have a tremendous ability to do work, they have no ability to think. In fact, <7 
achieve production the engineer must not only do all the thinking, but he has _ 
_ the additional task of preparing exact and detailed instructions for each move - 
throughout the analysis. The first | essential in computer application is staff 
ee. The Lower Columbia and Lower Snake River projects are basically designed 
> as units of an integral slack-water navigation- power development plan in 


conjunction with the broader over- all water resource development of the 


Pacific Northwest (mainly Columbia River and its tributaries). The slack- 
water navigation projects on Lower Columbia River are Bonneville, The 
Dalles, John Day, and McNary; and on Lower Snake River, Ice Harbor, Lower ! 
~ Monumental, Little Goose, and Lower Granite. All are run-of-river projects — 
= and range in normal power head from about 55 ft to 105 ft. Bonneville, McNary, | 
and The Dalles are (as of 1960) in operation. Planning and design of these 
_ three projects and the basic slack-water navigation-power plan were accom- 
_ plished without the aid of electronic computers. Ice Harbor Lock and Dam ; 
nearing completion (in 1960) on Lower Snake River is the first project to” 
realize” appreciable advantages» from computer use. . Preliminary design 
studies and detailed analysis of the 90-ft high by 91-ft wide vertical lift lock 
_ gate weighing 1,400,000 lb were accomplished by computer use. This gate 


_ will facilitate a maximum single lift lockage of 105 ft, exceeding the world’ s- 
existing lift at Wilson Dam by about 5 ft. 
7a Considerable use of computer methods was also made for the Ice Harbor | 
-~project in processing of power plant operational studies, turbine design, 
_ hydrological data. These evaluations were made immediately following the | 
a installation at the North Pacific Division Office, Corps of Engineers, — 
and the attendance at a brief computer programming school by a small group 
of engineering staff members. The success was so apparent that widespread 
omy followed in the planning and design of the John Day Project. 
a ‘The powerhouse at John Day will ultimately have 2 a full plant ‘capability of 
over 3,000,000 kw. A comparison of the John Day and McNary power plants 


is an excellent demonstration of the oro advances that have taken place’ 
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COMPUTER APPLICATION 

since 1950 in planning of major Pacific Northwest power plants, The first of 

_ the McNary units, placed in operation about 1953, were then the world’s most 

powerful adjustable blade turbines. ‘Stream flow characteristics at John Day - 7 
7 and McNary are, for : all practical p purposes, identical both in seasonal p: pattern 
. and volume. Table 1 gives select comparative data on the power plants. _ 


“a highly J —semeover that with only approximately 17% head and 20% po- 


“and a ‘monolith spacing increase of only 5% together with lemabies of the unit — 
in reference to t tailwater. The achievements are primarily a result of the 


» 


of previous limitations on turbine | and generator size, t hrust bearing loads 
q and water passage requirements; 


structural designs economically permitting larger unit mono- 


Design head, feet 
‘Type of turbine 


Depth of Cy distributor below n min, tailwater, feet Ae L 
Depth of Cy, runner below min, tailwater, feet 


Plant rated capacity, initial, kw | 1,080,000 ‘ 


«83 . expanded evaluation of costs’ and benefits associated with turbine 
characteristics and associated power plant facilities to define an economic 


_ ‘This latter factor was actually made practical by the advent of the electronic - 
The extensive system hydroelectric power studies 3 by tl the North Pacific 
Division Office in conjunction 1 with the “308” review report on Columbia River 
and Tributaries, utilizing computer methods, provided basic regulation Gata a 
for the individual project investigations. These studies, procedures and com- 
puter applications have been previously presented. 3without those studies 
° a highly experienced technical staff many of the project scoping studies would — 
have been impractical, Although the Ice Harbor power plant planning ces 
accomplished manually by approximate or short- -cut methods 
Fi provided sound study procedures. These studies demonstrated the omens 
‘significance of ‘proper | turbine, head, and 


_ 3 “Hydro System Power Analyses by Digital Computer,” by David J, Lewis or Loren 
A, Shoemaker, Presented at the July 1959 ASCE Hydr. ar. Conference in Fort Collins, a 


e permitting the expansion 
_John 
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TABLE 2,—SAMPLE ABSTRACT OF IBM 650 COMPUTER PROGRAMS 


Slide Gate Design, Program No, 0702 - Special case program for anal analysis of ‘structural © 

id for I Hai bor Dam downstream lock gate. 
_Three-Cell Gate Analysis, Program No. 0703 - written in three 


parts for stress of submergible tainter gates. 


profile in an open channel by the standard-step method for velocities less than crit- z 


ical. The program computes water surface elevations and balances energy — : 


the pressure rise, speed rise, additional WR2 required for om pressure 
_ rise limitation of a hydro generating unit connected to a simple pematenh. ey 


4 toe Routing Technique, Columbia River Basin, Program No, 1004 - - Program > 


=v = 


: derives the streamflow from snowmelt and/or rainfall over various segments of the 7 
iy, oa River Basin, by routing water thru basin, lake, and channel storage, there- ) 

by determining streamflow at gaging stations for reservoir ‘Tegulation or design flood 


= 4 Summary - Hydrograph, Program No, 1005 - From daily streamflow for an entire period 
record, this program computes: (1) ‘Summary hydrograph data giving maximum, 
_ minimum and mean flows for each day of the year. (2) Mean, maximum and minimem 
average monthly flows. (3) Flow duration, (4) Mean monthly flows for the ll 


ater Routing by Successive Averages, Program No. 1006 - Program accomplishes: flood 
cs s routing by the method of successive averages for purposes of reservoir regulation, 
flood stage fo forecasting, and daily power operation, 


Hydro 8} Sy stem Power Computation, Program Nos. 1050.2 and 1050.4 - The program sim- 
_ ulates a basin-wide hydroelectric system of up to 60 projects, giving power output, % 


— 


= 


iam ‘storage and regulated streamflow data for the projects. Input to the routines are pro- 
s ject characteristics, streamflow network, periodic unregulated streamflows, and { 
: _ storage changes at the projects. A sequence of up tosix storage projects may be de- s 
_ signated for use in firming the system to a prespecified energy load for each period, 7 


hydroelectric system of up to 20 projects on a given river and its tributaries, The 
program output gives total discharge, spill, turbine discharge, forebay and tailwater 
elevations, head on power plant, and actual station generation, number of unitsonthe _ 
_ line for each of the projects, and the total system generation. Variable input data are : 
as follows: desired generation, local inflow, required spill and miscellaneous water 7 
use, Time interval for input data is variable and time interval for output data is vari- 
able; however, hourly data will ordinarily be computed, Flows are routed between : 
projects, either through reservoirs or open channel reaches. Routing constants and 
power plant characteristics are included in the program 
maximum 
_ General Delta Flow, Program No, 1055 - Program arranges project streamflow data 5 
form required for hydro- 2 and 1050.4 
= Turbine and Generator Performance Data, Program No. 1056 * Program com-— 
7 putes prototype horsepower, turbine discharge, turbine efficiency, generator output in : 
kilowatts and kw per cfs from turbine unit performance characteristics stored in _ 


“Hydro Plant Operational Performance, Program No, 1057 - P - Program computes 5 the opti- 
3 mum performance of a hydro-generating plant for varying numbers of _ generating 
units through a range of plant releases and through a range of given constant reser- 
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TABLE. 2,- CONTINUED 


‘Mean Doathiy ‘Canis, Program No. 1058 - Program determines the total energy in 


_ kw-months, mean monthly capability in kw, average number of operating units and 
mean head associated with a sequence of mean monthly flows at a hydro-generating _ 
im Er plant. Plant performance is based on turbine unit performance characteristics and — 
generator losses contained in tables in memory and a constant value of transformer | 


Avener, Program No. 1059 - - Computes average annual | energy and the average annual - 
ao duration in kwh and mean kilowatts for power plant generation. 
program is the output from the hydro | system power computation programs, 1050. 2 


Flow Factor Weighting, Program No. 1060 - Correlates streamflows between study 
a periods of varying lengths for the pampoee af of expanding a short period of historical 

Hydro Power Unit ‘Analysis, Program No, 1061 - Derives the relative net annual cost 
a - of hydro unit installations after crediting installation costs for energy generation. 
a Input is cost and plant installation data and generation data from the hydro system 


Generation Data Load Level ‘Summary, ‘Program No, - Program arranges and 


2555 
_ hydro system power computation programs to test its utilization ina oe sys- 


tem load represented in duration form. 
Hydro Powerhouse Cost Analysis, Program No, 1703 - Derives powerhouse cost includ-— 


ing structures and accessory equipment for each generation unit bay. = 


ae flow characteristics, especially costs and benefits as related to size, 

Speed, and setting of turbine runners. 

be oe Electronic data processing opportunities ga gave impetus to more satteesteaee 
— and added economies. On a project such as John Day, these factors, in con- 
- junction with proper pool level determination, can readily involve savings of 
i $30,000,000 to $50,000,000 over determinations that have been applied and 
accepted as good practice in the past. Although the economic importance of > 
_ the individual items have not been defined in detail, the apparent — 

economic losses or savings at John Day within the range of normal accepted 


"Speed in RPM, 85.7 to 100; (281 in. wheel) g2,00 000,000. 


Elevation ‘centerline distributor, MSL 140 ft 15 ft; 2,000,000 
Runner, diameter in inches 274to 305; = | 2,000, 000 
Ratio of spiral case width to runner 2.9 to. 3. 7,000,000 


Pool elevation, elev. 260 to 265; Pais, ins 


Monolith size, feet 86 to92 


Studies to date show conclusively that the greatest ee @ eco- 

f nomic savings are in the proper design balance of turbines, generators, and 
_ powerhouse structures as specifically related to the operating loads, , heads, © 
and stream flows. Careful detailed analysis of these items alone can readily 
result in aggregate net savings in excess of $10,000,000 on a large power - 


installation. The degree of study refinement and potential 
varies with the type and size of project. 
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7: On Lower Columbia and Lower Snake Rivers, project and power plant 
scoping is normally accomplished in three basic phases, namely: (1) site and _ 
pool level selection, @) initial and ultimate power installation, and (3) size 
o Extensive use of the computer | is made throught all three phases. In 1 site 
selection and pool level determinations, extensive system power studies are 
made to determine the economic value of power head. Due to the encroachment 

4 of the successive pools on tail water of the plants upstream for a slack-water 
the combined outputs of the projects must be evaluated under oper- 
ational conditions. Reservoir backwater computations, pondage studies 
4 corporating hourly | unit loadings, and hydrograph routings are required to 
establish proper operational pool levels. Although extensive system power — 
=E studies based on anticipated future power loads and water resource develop- 


+: 


ment are extremely valuable in selecting the initial and ultimate power in- — 
stallation, considerable judgment must also be used. Tail water and pool 
a ftuctuations associated with daily load factoring of large power installations 


*¢. "Approximately one hundred programs are used in the planning and design 
of each Columbia River - water resource development. About twenty programs 
are used in structural and miscellaneous design, thirty in hydraulic, bacon reall 
and power analysis, and thirty in processing of surveying and earthwork prob- 
lems. Approximately twenty mathematic and utility routines are also used. 


Table 2 lists a select oo ig. a the principal applications 


agplieation to formulation c of Pacific Northwest power projects has he 
been pointed out. The broad nature of several major programs provides vir- 
tually an unlimited basis for power project planning analysis. Many extremely a 

- complex problems have now become routine; _ however, their solution opens 

LA a new horizons of application and economies in project planning. The potential 

_ exists for further beneficial applications in all geographical locations and it 4 | 
is felt that this potential will be recognized. The field of electronic - computa- 


‘tion is one of great importance to the planning engineer particularly, and hi his - 
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‘The development and use of prestressing a 


, The problem of stress distribution within the foundation and n near - the base 
ye of the dams is found by superposition of known elasticity solutions with a ite 
_ difference correction. The results of the analysis are discussed and some 


2 general ‘conclusions arrived at. A suggested method for a simplified analysis 


PROBLEMS OF STRESS DISTRIBUTION. INTRODUCTION 
The term prestressing could, in its most general f form, be defined as “a _ 
— eeutrolled imposition 1 of an initial state of stress on an unloaded structure 


= improves the final state of stresses under working load conditions.” rte 


mined forces and ‘displacements i in ‘the completed structure, all of these c can - 
_ be considered as prestressing agents. In fact the improvement of the gravity 
stress distribution by special construction has been actively investigated and 


sO _ several revolutionary designs have been proposed and apparently executed in 


_ the Union of Soviet Socialist Republics (USSR) (1).” Ina similar manner, it | 


Note. open until June 1, 1961, To the one 
written request must be filed with the Executive Secretary, ASCE, This paper is aa 


of the copyrighted Journal of the Power Division, Proceedings of the aeieen Society 


of Civil Engineers, Vol. 87, No, PO 1, January, 1961, 
_ 8 Presented at the March 1960 ASCE Convention in New Orleans, La, 
Prot. of Civ, Engrg., Northwestern Univ., Evanston, nl, 
2 asst. Prof, of Engrg., ‘Univ, of Illinois, Chicago. 
3 Numerals in parenthesis —thus ; —refer to corresponding items in the Biblio~ 
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January, 1961 


These 


special methods have not yet earned the name 1e of prestressing ‘that i is : 3 appar- 
: ently reserved for the purely mechanical methods of re the desired _ 


‘gs The mechanical methods of prestressing can in — be subdivided into two. 
‘distinct categories. In the first, the force is applied to a tensioned steel cable 
— it is this cable that maintains the prestressing force on the structure. In 7 
_ the: second, no reliance is placed on steel and the jacking force is applied at _ 


ages, their own field of application, and, naturally, their opponents and _ 

cates. Fig. 4 illustrates some of the principles involved. WARN a 
‘The method of prestressing by cables, which was originated by Andre linen 
in his, now classic, reinforcement and raising of the unsafe Cheurfas dam (2), 


eB the imposed development. Both methods have their definite advant- - 


(3), has 3 certainly a very wide field of applicability. . The structural action is 1 


easily visualized and it is probably true to say that in many practical cases it z 
_is the only possible solution for providing desirable initial stresses. zZ The pre- 


Bn is not influenced appreciably by the creep of the concrete. On the other 
_ hand the permanence of dam structures relying on steel reinforcement has q 

- often been questioned and this may limit the range of application of the method _ 
—— A until more experience is available. An additional drawback is the impracti- _ 


 cability of applying the very large forces necessary in high dams (though the 


actual economic limits have not yet been defined). Without pre-judging the — 


issue, the large ‘number + of dams that have been strengthened or constructed _ 


‘a priori” by this technique testify that it is now well accepted. 
‘The “wedge” method of prestressing was originated by E. Freyssinet and — a 


- first a applied to the ra raising of the Beni Bahdel dam in 1940 (4). Its application 
_ essentially made possible due to invention of the, now famous, “flat jacks” 7 
Mr. Freyssinet. _ These jacks can be inserted in n very narrow spaces (a few. 

_ inches) and may, after inflation, be grouted to provide a . permanent “wedge.” ae 
7 - Owing to the creep of concrete, which may reduce the prestress to about a 
of its initial value, several jacking operations are usually required and 


P 7 ene with a particular type of buttress structure for which the method can be 
applied has limited its application. Two structures that are simi- 


dam and the Djen- Djen dam (5), (6). The method ‘could clearly be extended to 
* arch dams in which grout under pressure or expansive cements could be e used 
In the present paper attention will be focused on the cable of 


EXAMPLES OF DAMS UTILIZING CABLE PRESTRESSING 


- — the original application to the Cheurfas dam the use of cable pre- — 


stressing in dams has grown rapidly. The technique has been applied with 


success to the strengthening and raising of numerous old gravity dams and to 
the construction of several 1 new dams ms of the straight wall type. 


- some Suitable internal point, the jack being then replaced by a “wedge” that | | 


¥ suitable allowance must be made for future losses. | This disadvantage com- - 


stressing and some of its is special problems will oe examined. — 
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cost being achieved. Fig. 2 shows the profile of Steenbrass dam (7) in — 


ar 


- 


enn 
= 1,—-SOME METHODS OF PRESTRESS 
FIG, 2.—RAISING OF STEENBRAS DAM SOUTH AFRICA 1985 
_ FIG, 3.—EXAMPLES OF PRESTRESSED WING DAMS 


J 
anuary, 1 


_ Structures designed a priori utilizing the prestressing force are shown. 
- first of these is the side wall at Mareges (France) where the straight  ¢ 
stressed wall forms an extension of the main archdam over a relatively short | 
a (8). This wall, completed in 1934, is one of the earliest examples of — 
-~ application of the method toa new structure. - In the same diagram the q 


on of a similar extension constructed more recently in Algeria is shown 


(9). It is seen that the one and confidence of the designer has increased 4 


= — 


= 


“Scotland (10), and the second the Ernestina in Brazil (5). The first 
— higher than the latter and to the authors ao or Sl is the —— 


> 


greater height is under construction (1960) in (35). This 
an with across section similar to that of Allt na Lairige, will reach a — 


plicated arrangement of prestressing steel which one would expect to be | con. 7 
siderably more expensive in n placement than the very adopted | 
in Allt na Lairige. 
In Fig. 5 two interesting examples illustrating the u use of unorthodox pre- 
stressing techniques are shown. The first represents a 


tained from a recent (1958) paper by A. Z. Bassevitch an enortho- 
= dox method of directly utilizing the gravity force for prestressing | ina _am d 

_ Inat least one recent dam constructed in England (Avon dam) provision has | 
been made for a future anticipated raising and suitable cable ducts were in- — 

. -corporated into the original structure which is of a conventional ‘gravity type 

-(13),(14). Such a procedure - is liable to save considerable expense at a later 

. date and is indeed a wise provision if a later raising is anticipated. iii 

Tn addition to straight dams with the cable action similar to that of a simple | 
prestressed concrete cantilever, , cable prestressing found an extensive use in 
construction of large ‘span buttress dams of the multiple arch type. In these 
several cables are frequently used to “tie” the buttress into their foundation a 


= _ rock and also to increase compressive stresses in planes n normal to the e 


= 


ciple” stress trajectories. Examples of such applications | are, to ¢ quote but 


= the L’Qued de Mellegue dam (9), St. Michel dam (8), La Girotte dam (15) 
' and Mont Larron dam (16). ‘Fig. 6, which illustrates the last of these, shows 


ee neat structure of adam suchas spillway piers or for temporary diversion walls 
ete., is almost obvious and a discussion of these is not included here 
ay the general principles to be elaborated later apply. pein _ 
To conclude this section, Table 1 summarizes details of some wall 
type dams constructed by the cable technique, 


THE 

"Although the term “cable” has been adopted for the description of the pre- 

stressing members it should be observed that in some instances the name of 
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is more appropriate, The size of individual strands in most cases of 
French construction has been 5 mm (0,197 in.) and this size has been used ~ 
“extensively. However, in the case of the Allt na Lairige dam bars of 1-1/8 in. _ 
_ diameter form the main reinforcement and it appears that large bars are also 
_ the preferred type in the USSR. The higher strength of small diameter wires, 
_ smaller bond length requirements, together with the flexibility of the resulting _ 
cables favor their use generally an and especially in the case of the Gomgnenns - 
_ of old dams in which the cable has to be fed into long bore holes, ¥ On the other 
’ hand, the smaller superficial areas of larger bars for the same cross section, P 
the ease of providing adequate concrete protection on the sides of each bar are 
some | of the advantages © which, to some extent, mitigate against the inconven- 
fence of couplings necessary to prevent the handling of unwieldy lengths. 
_ The size of openings, either preformed or drilled, varies considerably. In- — 


_ spectionof Table 1 will showthat these range from 2-1/2 in, diam holes homing © 
70 ton cables of 1.4 in. overall diameter in Tansa and Steenbrass dam, through | 
ad in, diam holes for 1,200 ton cables at L’Oued Mellegue, to 4 ft-by-2 ft shafts 
in Alt na Lairige for a total force of 4 uated tons hae by 28 bars of 1-1/4 


ANCHORAGE METHODS 
‘The satisfactory anchorage of the cable in the foundation ro rock is one of the 7 


first problems to be overcome by the constructor. In the anchorages a trans-_ 
fer of stress from the steel through the surrounding concrete to the rock has - 
_to be effected. The first stage, that is, that of transference of the stress to _ 
a concrete, canbe accomplished by direct bond, and this appears to be the meth- 
od originally used at Cheurfas and practiced most frequently. The provision | 
of suitable mechanical anchorage devices is more difficult to accomplish and | 
is only adopted where direct access to the anchorage zone is possible. Such = 
devices may inclu 
Inthe anchorage by direct bond the od procedare is to feed 
_ the cables into grout previously deposited at the bottom of the anchorage hole. — 
To ensure grout. of good quality and a low water cement ratio pregrouting of. 
_ holes to reduce water infiltration and the deposition of grout in a hole previ- 
ously filled with water are considered to be good practices (7), (20), (35) i 
The efficiency of such an anchorage determined by a direct test. It was 
_ found by experiment that a length of about 2 ft is necessary for the anchorage 
of 5 mm wires ina cable with a 77 ton load anchored in a 2-1/2 in, diam hole. 
To provide a margin of safety lengths of from 6 ft to 25 ft 
It should be noted that the bond situation existing in the a is not as 
- _ advantageous as inthe case of pretensioned beams. The lateral contraction of 
4 the cables on application of the prestress tends to destroy the bond and it would 
appear that the practice of grouting the cables again after tensioning provides 
ih a necessary safety margin, Here, if the original bond at the bottom of the an- 
“= chorage were destroyed, a transfer of stress to the portion of cable immedi- 
ately above the anchorage would occur and the Poisson expansion of the steel a 
; on reduction of stress would ensure an effective wedge action. = 
The | transfer of stress from the concrete surrounding the wires to the rock 
“appears to be effected by a wedging action rather than by adhesion, In the « orig- 
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mechanical wedge as ‘shown in Fig. 7 
‘ possible failure even in relatively weak rock, More recently tests have shown 


(7) that constant diameter holes drilled by percussion methods provide a good 
anchorage without any enlargement, ifthe rockis good. 
_ Presumably, on application of stress the lateral expansion of the concrete © 
4 sufficient to provide an effective wedge. The grout, being permanently ina a 
saturated condition, would also be expected to show some expansion, thus im- 
| proving this action, It would appear to the writers that providing the initial © 
_ _ anchorage is shown to be satisfactory by test (and effectively every cable is 7 
tested when the appropriate prestress is applied) and if the whole cable is sub- 
é sequently grouted the danger of pullout may be disregarded. | —— 
ie: The quality of the rock as influencing the design of the anchorage would ap- 
. pear to come in via its shearing strength properties. In a fractured rock, with | 
_ little cohesion, a failure of the anchorage by shear of the layers adjacent to the 
- opening could be envisaged. However, once the anchorage has been proved by : 


_ test to be adequate, the subsequent grouting of the hole would prevent such a 


_ The depth at which the anchorage is placed has little effect on Pe 
— failure providing the quality of rock is not a 
STRESS RELAXATION 


As in: all the of of the ini- 

tial prestress has to be allowed for. This relaxation is due primarily to the 

creep of concrete, which behaves under stress like a visco- -elastic material, 

and secondly to the creep of the : steel itself. Allowance for these effects has” 

been theoretically considered elsewhere (21),(22). R. Priscu and M. Constanti- 

nescu (22) computed a 9% ultimate prestress loss due to the creep of concrete 
(under the action of its own weight and the prestressing force) ina specific ; 

Lea example of a dam, some 120 ft high. In Allt | na Lairige dam an allowance of 
10% for prestress loss loss was made in the design. Similar are 


has” been included. It appears, however, that in no case was any proerare al 
loss of prestress ascertained with times varying from 28 days to 3 months, © 
The tests on Cheurfas dam show a relaxation of some 4.5% after a period of 9 — 

yr with 4. oy cocurring during the first 3 yr (7a). One could conclude from 


_ is clearly the crucial problem o on which the advisability of the use of prestres- 
sing in dams must hinge. Inadequate protection at any point of the lower part | 
of the cable may cause a failure and this possibility is considered by some as - ; 
4 precluding the use of prestressing in structures which must be able to perform | 
_ their function for a considerable time. It is worthwhile to consider here the 
- question of whether a failure of a sudden nature is liable to occur or whether r 


a progressive deterioration and signs of impending collapse would be easily de- 


tectable, If the latter is the case, the question! — one sans The 7 
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PROTECTION OF THE PRESTRESSING STEEL 
| 


initial saving in cost in carrying out the ue raising, or the new construction, 
may be sufficiently great to permit the renewal of cables at a later date and 
still preserve the economic advantage. However, if the failure should prove i 
sudden, the consequent loss of life possible could hardly justify any economic _ 
_ analysis. In the opinion of the writers, the latter possibility is extremely im- _ 
probable, — The corrosion of several individual strands would be followed by a 7 
considerable ‘appearance of cracks in the dam, would also be e given 
iby the increase of deflections and leakage. 
It is extremely unlikely that a complete failure of any one cable would 
3 followed immediately by a eer fracture of the adjacent ones, and, again, 
a It would doubtless be desirable to develop methods of suitable instrumenta- 
tion by which the state of the cables at any time would be checked. This sub-— 
‘ject by itself would forma profitable fieldof research and it is hoped that work . 
inthis direction will soon be undertaken, 
_ The methods of cable protection practiced to date fall into two categories. 
it the first the cable is protected by a non-bonding plastic material such as’ 
grease or bitumen which, while preventing corrosion, effectively permits re- 
stressing operations to be carried out at a later date. The technique was, to 
the knowledge of the writers, attempted only on two early dams, Cheurfas and © 
3 Fergoug (3) (19). In the first an elaborate system of pre-wrapping of the cable 


no of a grease-bitumen mixture was adopted, while in the  * 


2 cable duct was filled directly with hot bitumen some months after prestres- 
7 _ InAlit na Lairige dam the lower po: portions sof all bars were suitably wrapped, . 
4 enclosing a greasy substance in order that concrete in the lower lifts could © 

bars) all the 

4 remaining lengths of the bars were grouted after prestressing, thus preventing — 

- _ The second procedure, which appears to be almost universally adopted is 7 
_. 4 the complete enclosure of the cables by cement grouting. _ This method, while — 
= restressing, has the advantage of providing an increased factor of 
Safety against anchorage pullout as mentioned earlier. In addition, the relative 7 
ease with which such grouting can be effectively performed in vertical me) 
with straight wires (as proved by tests carried out on the Steenbras dam, (7) 
_ Provides a uniform degree | of protection and avoids the possibility of danger- _ 

ous zones such as develop a att the of t concrete with 


= STRESS DISTRIBUTION IN THE BODY OF THE Dam a 


- Inthe computation of stresses resulting from the application of prestres- 
sing forces, the assumption of elastic behavior may, with good a 7 
be invoked, at least in zones not subject to very high stresses such as may ex- _ 
ist very close to the top and bottom anchorages. Although both the concrete — ; 


and the rock are known to exhibit considerable visco- elastic behavior, the lin- 
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distributions predictable by the theory of elasticity (23)(24), 
= = Inthe upper portions of a dam, classical solutions of a wedge with a con- : 
centrated force at its apex can be applied (Fig. 8). These solutions are sum- 
marized by Priscu and Constantinescu (22),and similar ones are available in 


: 
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ns due 


standard texts on elasticity (25). For trapezoidal sections some eolutios 7 
: oF to Galerkinare summarized by Bessevitch (1). An examination of these solu- a 
: id tions shows that the assumptions of the engineering theory of bending, in which — a 
_ the linear vertical stress distribution is taken, are very close to the true an- 4 
Indesign it is common to provide sufficient prestressing force to overcome 
: any tensile stresses predicted by the linear bending theory. Clearly the cable 
& - should be placed as close as practicable to the upstream face while maintain- 
ing sufficient cover and not causing excessive tensions to develop near the 


face of the dam when 1 no pressure is acting. Some | 


ie 


\ 
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or 
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‘FIG. 8.—WEDGE SOLU 


ifr 
here wena be self sealing as soonas the reservoir is filled. In addition it will 
_ be observed that the linear theory in all cases overestimates the magnitudes: 
of the tensile stresses inthat zone. In the Allt na Lairige dam some e light mesh 


4 einforcement is used to limit the extent of possible cracking. ‘” ery 7 


“near theory. Neither are the stresses due to the hydrostatic action nor the *y 
stresses due to the prestress distributed linearly. In general the former ex- | 
& considerably higher tensions in the heel areas, as shown by the various 
(27). The distribution of the lat- 
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t on the depth of the an of tl 


= The most ees stressed regions of a dam are those near its base, In 
_ caseof the narrow sections of prestressed dams this is ; particularly true, The 

_ distribution of stresses within the foundation itself is of considerable impor- | 

tance, expecially in slender prestressed dams in which a failure through the 

__It is convenient to consider the problem in two phases. In the first, only the | : 
stresses due to the action of the prestressing will be taken into account while | ; 

_ in the second the stresses due to the action of water pressure and gravity are a 


| 


= 


~ 


(Flamant 1892) 


_—-STAGES ov A TYPICAL SOLUTION FOR PRESTRESS~ 


computed Clearly, the latter part, which has been extensively in con-— 
nection with gravity dam problems, will not present special difficulties and at- 
tention will be focused onthe first phasen go | 


= In considering the stresses due to the prestressing forces some assumptions - ; 


7 


about their methods of application will have to be made. As the cables are of- 
_ tenspaced along fairly close intervals in the longitudinal directions of the dam, a 
y it will 1 be assumed that the forces applied are uniformly distributed in this di- 
rection. This” approximation will obviously not be correct in the immediate 
vicinity of the anchorages but at some distance from these, by St. Venant’s _ 
— _ principle, the correct stress distribution will result. Bearing in mind this 
limitation, it is convenient to assume that the stresses at the lower anchorage 
are applied as a : line load in the two-dimensional problem as shown in Fig. 7 


ter is largely depe 
forms an important pa 
IN THE FOUNDATION. 
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PRESTRESSED CABLE METHODS 
7 eo veaneies could obviously b be made at the upper anchorages. It 
convenient, however, replace these concentrated loads here by the stat- 
_ ieally equivalent | distributed system shown, Obviously, this will not result in 
the correct stresses in the upper part of the dam. However, the rapid “dif-— 
F fusion” of the stresses from the anchorage zone as shown in the studies of 


=. -Guyon and others 28) makes their exact distribution unimportant to the 


4 loading and ‘the 1 rectangular shape of the dam chosen enable the results of “7 
numerical study to be generalized to some extent. It will be found that the © 
height of the dam does not enter as an important parameter (providing it is. 

_ greater than the base length). It can also be seen intuitively 4nd confirmed by 
- numerical computation that the stress distribution at the base of a dam of | 
va 4 trapezoidal shape will not differ appreciably from the results obtained for toon 

m 5 rectangular case. Thus, the main parameters ofthe elastic problem are those 

: - fixing the position of the force P in relation to the dam base, such as, for _ 

F instance, the ratios a/b and d/b. In the present investigation a/b = 1/4 o 

assumed and two different d/b values of 1/4 and 1 are investigated. ae p 


; results in a stress distribution unaffected by the elastic constants of the ma- 
terial. In this case, however, _ due to the internal application of the force P, 

it will be found that the Poisson’s ratio of the material enters the computations, 
_ - This will be assumed to be equal to zero as the values obtained from short | 
4g _and long time tests of concrete indicates it to be small and as its effect on ” 7) 

_ The elastic constants of the concrete and rock are taken to a identical 

in the computations presented in this paper. From the results of a recent 
oe _ paper” by the authors (27), it appears that the effects of quite wide variations _ 
_ in the ratio of the elastic moduli is of secondary importance in the case of dead _ 

_load and water load stresses and the same is also probably correct for the 

stresses due to the prestress force. Gee 
a 7 Method of Solution of the Elastic Problem.—To obtain the stresses due ct 


the _ateviggemy- forces two possible approaches were considered. The first _ 
of these was the application of photo-elastic — techniques and the second a 
numerical analysis by ‘difference gon and relaxation, After some 


quired for getting v up of the 1 necessary photo-elastic experiments. In 
the inaccuracies due to Poisson’s ratio effects and the imposition of neces- 
sarily approximate boundary conditions | in the photo- elastic ‘setup 


decision infavor of the numerical analysis. = 
_ The scope of this paper does not permit the full account of the method used 
for the solution of the elastic problem for which some interesting new tech- 

_ niques have been developed. The full description of these will be oon el 
- gubsequently. It is proposed to give here only a general outline of procedure — 

together with a simple approximate method of stress evaluation. 
a Fig. 9 shows, diagramatically, | the main steps that are taken in obtaining 
the stresses due to the prestressing force alone. The basis of the argument 
= the fact that within the dam itself, the stresses are —_—— to vil 
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iin 
an foundation level is taken, it is found that 
within the body of the dam itself the stresses given by the ordinary bending ~ 
theory satisfy exactly all equilibrium and compatability conditions. If the 
_ semi-infinite foundation is loaded by the forces necessary to preserve the 
- equilibrium at the cut, then solutions satisfying the equilibrium and compata- — 
_ bility conditions within the foundation can be found by the classical theories 
of elasticity. In particular, the case of a semi-infinite foundation loaded by a 
linear distribution of vertical forces (split up for convenience into symmetrical 
and anti-symmetrical components) can be obtained easily by integration of 
the classical expressions for stresses due to a surface line load (Flamant, 
1882) and given explicity by S. D. Carothers (29). The stresses due to a con-_ 
- centrated line load within a half-plane are a problem for which a closed form 
solution has first been presented by E. Melan (30). A more convenient form . 
_ has been presented by J. Dundurs (34). In Appendix I the expressions for such 7 
_ stresses are summarized and tables of computed values presented. lucie 
' Clearly the stresses obtained by these procedures satisfy equilibrium > 
conditions at all points of the dam and foundation and the compatability of 
displacements everywhere with the exception of the cut line AB. On this plane 
hs the unstretched section of the base of the dam does not “fit” the extended and ry 
curved ‘surface of foundation and hence stress distribution is not 


necessary to ensure that the strains inthe direction parallel to the cut as well 
as the curvatures of the two surfaces are the same, or in aeaeemenendl : 
if x is the direction of the cut (31) that 


— 


in’ which poet Il refer to the regions of the dam and of the foundation re- 

a ‘spectively, ‘These conditions will, in general, not be satisfied, and it is — 

; sary to impose a a self equilibrating system of stresses at the boundary to re+_ 

* store the Continuity. This stage of computation is done by a numerical, finite 
P: difference, procedure, and the splitting up of the problem into these stages _ 

has the great advantage that the corrective system of stresses is dissipated — 

‘ very” rapidly as distances from the base increase. In Fig. 10, the stresses _ 

_ Obtained by the analytical procedure without adjustment of the displacements _ 
are shown by dotted lines whereas the corrected stresses are shown by . 

af continuous line. It can be noted at a glance that the differences become quite 
oa negligible at distances of about half the base length of the dam from the cut. ; 


additional advantage 0 of these procedures is the fact that amo moderate 


centage accuracy of the stresses ‘computed ¢ ona finite 
mesh equal to 1/8-th of the base was estimated at around 2% of the maximum 7 
correction. This results in the final stresses being accurate to some 0.5% of 
= maximum values. Clearly this accuracy is excessive for the nature of 
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the problem and condte of a very coarse mesh solution (the mesh size 1/4 


- base), which are shown in the same figure, would have been adequate. 
‘The step wise procedure enables some visualization of the nature of the | 
= stresses to be achieved “by eye” if the curvatures of the two ; 

sizes of the cut at AB due to the preliminary solutions are > compared, This 

= is extremely useful as the “feel” of the resulting solution gives a measure 


a: control to the designer and allows him to make adjustments necessary to- > 


achieve a desired stress distribution. 
Stress Distributions When no Water Pressure is s Acting.— —To obtain a pic- 
_ tureof the stresses existing in adam at the moment of prestressing, it is a . 
_ essary to superpose on the results of the stress analysis described above the 7 
_ stress system due to gravity forces. This problem is to some extent compli- 


at the commencement of construction and the second the method - construction | 
It is well known that stresses in ahorizontal rock layer are generally com- 
pressive and, while inthe vertical direction, they are simply equal to the weight 
of the overlying column of the rock material, their magnitude in the horizontal 
direction corresponds to this value multiplied by some factor N (the coefficient 
Of lateral pressure) which is dependent on the geomorphological processes to 


which the earths crust has been subjected. | ‘This coefficient, which may vary 


considerations. Inthe illustrative case considered here, it seems that the 


4 between zero and a value as high as two (32), is not predictable by theoretical 


4 inthe usual horizontal lifts imposedon a solidified lower portion, necessitates _ 


advantageous value of N, zero, should be taken, a precompression of the rock 


hei _ The stresses resulting from the actual weight of the dam can not becom- = 


_ puted by an assumption frequently made which implies th that gravity becomes - 
active when the whole of the dam is constructed. The method of construction - 


a stagewise computation which, while relatively easy by a experimental method 
as devised by J. M. Raphael at the University of California, Berkeley, Calif. (33), 
_ is very tediousto perform analytically. The fact, however, that these stresses 
do not depart largely from a uniform distribution in the body of the dam and 


prestress allows their effect i in the dam and in the foundation to be synthesized 
by procedures outlined previously with little difficulty (the adjustment process» 
being now omitted). Some ‘stress discontinuities at the base will now exist 
which probably are smoothed out in ‘practice, The stress picture obtained now. 
corresponds exactly to the case of adam cast as a monolith and attached, when 
Inthe analysis of the “prestress stresses alone, all the answers were ex- 
—— in terms of the prestress force P. When combining these with the 


gravity stresses it now becomes necessary ts take a more definite case and > 


relate the magnitude of the force P to the height of the dam. A particular case : 
‘ of a wall with a height to base ratio of 3.5 will now be considered and the mag- 
> nitude of the prestressing force so adjusted that the vertical stresses on the 7 
upstream face, as given by the linear law, are equal to the water pressure, a 
ob when the reservoir is full which ensures adequate protection 7. — 


ple computation shows that 7 
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PRESTRESSED CABLE METHODS 


With this relation taken, the gravity and prestress stresses can be : superposed 


andthe results are shownin Fig. 11,0 
me An interesting, if obvious, feature of the stress distribution is the existence 
of very large tensions directly below the point of application of the prestressing | 
= force, _In the idealized situation these are obviously infinite at the load point. 


In practice the actual method of mone will limit these but clearly will not 7 


is not dangerous as the extent of the tension will clearly be limited. That this . 

occurs in fact is indicated by the additional absorbtion of grout noted esol 
grouting is repeated after the application of prestress. 

 Howthis cracking will affect the general stress distribution can not be stated 

= with certainity, but it is clear by the validity of the principle of St. Venant that 


y some small distance from the anchorage point the. stress distribution will re- 
Except in the direct vicinity of the load, no weer high or dangerous stresses — Ras | 
exist. - should be noted, however, that on the wustene of the foundation tensile 


of “displacement 


_ FIG, 13, 13.—STAGES OF OF A TYPICAL SOLUTION FOR WATER LOAD STRESSES 


ad 
stres es in the horizontal direction exist both upstream and downstream of ‘the 


Ris Effect of the Anchorage Depth on the Stress Distribution.—It seems oe 
‘that the nature of the stress distribution in the lower part of the dam and in the: 
foundation will be dependent to alarge extent on the depth of the anchorage. _In- 
: the first case considered this was takento be equal to the base widthof the dam. 
_ For any other depth of anchorage it will be seen that exactly similar methods 
_ of analysis can be applied and that the major part of the differences w will be ac- 
~ counted for by the expressions due to the concentrated load solution which can 7 
be easily computed. The corrective stresses, necessary for the adjustment of 
the strains at the base can n be discussed qualitatively, to some extent. it . 


. load terms were relatively small. From this it would appear that very little 
4 difference in the corrective stresses would arise if the depth of anchorage were 
increased. On the other hand the importance of the same terms become greater © 
as the depths of anchorage decrease and one might indeed anticipate a certain 
reversal in in | trend of these | To illustrate tl this point, 


results of the analysis are g given in Fig, 12 ft for the ‘ratio wes = 1/4 


— 


e- * i 


q 
q | 
§ 
q 
| 
— 
— 


lem. It is remarkable indeed how close to the base it is possible to place the 
_ anchorage without affecting adversely the stress distribution across this. In 


the tensile stresses near the downstream face. 
Stress Due to Water Pressure and the Combined Action.—To obtain te 
final stress picture, it is necessary to superpose the stresses due to external — 
water pressure and those due to prestress and gravity . Stages of a typical so- — i 
lution for the water pressure effects alone are shown in in Fig. 13, ‘The results 
: shown in Fig. 14 include the effect of stress ‘adjustment and ‘show the non- | 4 
linearities occurring near the similar in type to ene de- 


= 


— 


"great. The most probable position of this is along the « com- 
‘guasaive stress trajectory AC shown in Figs. 17 and 18, along which the prin : 
= tensions are indicated, As the depth of the anchorage is increased, the ri 


‘magnitude of the tensions along such a possible crack line is reduced, and, in 


fact compressive stresses along a part of this exist reducing the spreading ‘ 
tendency of the crack, 4 


; Case 1. Finite Uniform Load.—— 


n 


| ‘The numerical values for these ‘equations is given in Table 2 ad a wr 
Case 2. Semi- -Infinite Uniform Load.— > 


= - (P/x){ (1/2)- x) x/y)+ (xy)/(x2 + y 


The numerical nomen for the these hese equations are are given ir in Table 3. 


mi 
_ fa he dis bution shown in Fig. 12 has some advantages reducing, as it does. 

: 35 pressure and prestress is shown for the two cases of anchorage depths in = @ 
S @—s-sé Figs. 15 to 18, The effect of the variation of the anchorage depthnowbecomes _ 

- _ Clearer, With the very shallow anchorage a tensile zone penetrates to a con 
: siderable depth of the foundation near the upstream side of the dam. A possi- 
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‘The numerical values for these — are given. in Table 4. 
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The numerical values for these are given in Table 
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for plane stress and 5 ete 


& he. effects of the es adjustment” are confined to the immediate vi- : 


cinity of the base ‘Section of the dam. If a general picture of stresses 
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order effects, this can easily be 
_ sized from the known analytical functions representing the contributions of the | 
various loads on the foundation half plane. For convenience such individual — 
functions are presented in Appendix I together with some tabulated values which 


STRESS DISTRIBUTION AND THE SAFETY OF THE DAM 
wien the complete stress picture available from the elastic analysis, - deci- 
4 sions regarding the safety of the design have to be considered, It is evident © 
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-" described would be considered safe, Indeed, | probably, no existing dam 


4a ~ could pass such a stringent test ~~ cracking is to be prevented | some finite 

a _ The shallower cable anchorage, for instance, would certainly not be adopted as . 
a practical solution with a possibility of a crack spreading right up to the an- _ 
_ The uncertainty of tensile strength values of concrete and rock necessitates tt 

_ some formof ultimate behavior to be assumedin which reliance is placed only a ‘Aa 

on the compressive strengthof the material. The present status of the knowl- 
= of ultimate behavior of such brittle materials as rock and concrete is in- : 


mate method, ‘somewhat resembling n methods in common ‘usage in gravity. dam 
design, is tentatively proposed. Such a method takes into account the possible — 
existence of fissures and cracks in the and it appears that it 
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- Considering the general picture of the s stress distribution shown in Figs. i 
“ and 18, it was already observed that acrack spreading from the upstream face ‘ 


of the foundation to the anchorage point, A, is a possibility that can not be ig- _ 


4 


4 - crack) and of the weight of the material above the crack and an imaginary line, ‘ 
7 AB (Figs. 17 and 18), may intersect AB above its upper limit B. Point B is 
7 4 taken at the downstream toe as this is the most critical position, By statics — 
- alone, it is evident that if this is the case, tensile stresses must develop onthe a 


lower parts of the section AB. As the material is assumed to have no tensile _ _ 

‘overturning witha hinge at B would occur, Clearly ‘such a mechanism would 7 

not be possible if the angle CAB were less than 90° as then the crack CA would 2 
_ close and passive resistance of the rock would develop. This consideration Jf 
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anchorage could be determined. In Fig. 
i the circle drawn from B as center with a radius AB be assumed. The nll 
_ against overturning is assured if the resultant of all the water pressures (U1. 3) a 
_ acting along the perimeter of the “free body” shown, , and of the 1e weight of ofthis a 
“body (W1-2), falls inside the length ABL 
The preceding requirement is necessary if failure by overturning is to = 
eliminated. 
4 presented results of an experimental investigation « on a model standing or on a 
non-cohesive foundation and arrived at a slightly different criterion which, how- — 
ever, gives approximately the same answers. Naturally a certain safety factor 
should be included to ensure that the resultant falls within the section AB. a. 
If this criterion, which ignores all poasiiite tensile resistance of the rock, 
and, in fact assumes open fissures to exist, is satistied, then 


063 | 041 | 16 q 
|. 


= 1/4 = = 1/2 s/s 3/4 


Oy and Oy abo 
_ Try symmetrical about y - axis 


+ obtained by an elastic analysis are within the permissible limits, a design can 


= should be noted that neither of the two cases analysed here satisfy the | 


_ previous criterion. This was done deliberately to show the type of extreme 
_ stress distribution, As was mentioned earlier a deeper anchorage would pro- 7 
— vide some compression along the line of a possible crack and the — 
crack development would be improbable. 
CONCLUSION 

it is hoped that the general discussion of the problems encountered in a 


stressed dams as presented here will show some of the possibilities of their 


8/8 ago | - | - | - 131060 
| = 6] -. 080 - 129 
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o os, The major problem of the durability of such : structures, | in common with 
other reinforced concrete and prestress applications, deserves further study 
and research, It appears that the moderate amount of experience already avail- 
: able permits a a reasonable degree of optimism and it canbe seen that the tech- 
_ nique can already be considered as standard for the reinforcement and raising q 
of old dams. Its use in temporary structures, spillway retaining walls and ag 
structures of medium importance certainly deserves extension. The applica- 
tion to very high dams does not at the moment appear possible or indeed eco- 
_ because the prestressing force required increases, roughly, with the | 
a cube of the height while the volume of concrete increases with the square of of 
- The results of the stress analysis presented here give. some indication ot 
the general behavior « of such structures. The 


7 


position 


center of tion 


the base does not need to be repeated for every structure and the results oil 
sented here give the general indication of the stress t trends in this region, 
The techniques of the stress analysis and some of the results” are 


applicable to problems other than those of dams. — ea a 


= 
| 
# =86©-—s necessary to assess the stresses within the foundation should permit a better it a i 
understanding of the structural behavior and refute someof thefallacious‘rules 
| 
coperation — 
supplying information on some of the projects discussed here. 
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APPENDIX T 
It has been shown that stress distribution in dam and its 
- foundation can be obtained quite accurately (except near the dam- a 
interface) by superimposing the stresses from various elementary loadings 
shown | in Figs. 9 and 13. The expressions for these stresses are given below. 
‘Their numerical values, for unit intensities, are given in Tables 2-6. The 
is accomplished by the stresses from a particular 


FIG. 24. —LOADILNG OF CASE 5 AND TABLE 5 


A from the various loadings. With varying magnitudes of relative dimensions x 


will often be necessary to interpolate values from these tables. This should — 


usual sign convention is used, that is, tension positive, and the 
shearing stresses are taken as the positive directions of the coordinate axes 


‘if a tensile stress on the same side would have the positive direction of the 7 a 


_ corresponding axes. . Particular attention should be given to the origins of the a 


coordinate systems. These are indicated for each case in 20 through 24. 
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iscussion by Mr. Mather is pertinent and He states that his 
- ‘pe se is “to call attention to the possible influence of factors, other than ther- 
a al properties, ...., On the crack resistance of concrete.” He suggests that — 


oncrete made with siliceous aggregate i is less prone to crack than concrete 
+1 


made with limestone aggregate, concludes. that, where practicable, sili- 
ceous aggregates should be 


7 _ The writers h have pointed out that the principal causes of major structural — 
} cracks | in mass ss concrete structures are temperature changes and tempera- | 


7 _ture gradients, and that by proper control of these causes, — 


_ dangerous = cracking can be avoided with any of the aggregates normally used, 
__ This is demonstrated by the following tabulation of some of the structures z 
OS in Table III of the paper. Concrete structures containing exclusively _ 


or : predominately ot one or the other types of aggregate are listed, Mgr rani dh the a 


Shoals Clark Hill (C) 

Dale Hollow Folsom 
Fort Gibson (E) Harlan County 
Mt. Morris (A) Ice Harbor 
7 - 
Whitney (B) Lookout Point 
Wolf Creek McNary 


Narrows 
Pine Flat 


4 October, 1959, by William R. Waugh and James A, 

1 Chf., Concrete Branch, Engrg. Div., Civ. Works, Office of the Chf. of Engrs., . 

2 Engr. » Concrete Branch, Engrg. Div, » Civ. Works, Office of the Chf. nal ay U. 


. Washington 25 D.C. 
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ly 

— 
iD 7. Structures having no serious struct n both the lime- &g 
stone and the siliceous aggregate groups. Sutton and Table Rock Dams, for 
example, are as free of cracks as most if not all of the structures containin 


- has been detected in both limestone and siliceous aggregate concrete struct- — 
* ures. Direct comparisons are complicated by (a) differences in factors that 
determine the maximum concrete temperature (amount and type of cement, 
placing temperature, ‘lift thickness, _ and placing interval, forced cooling), and 


it is true, as Mr. Mather states, _that elastic and creep properties are 


& control of temperature cracking will be less acute with concrete having a 
— low elastic modulus than with concrete having a high modulus. 
a reducing the tensile-stress level in concrete during cool. : 
ing by eae selection and use of materials so as to produce concrete of 
reduced modulus of elasticity and increased creep” was not suggested by the 
<= writers, ‘because they do not consider it to be a practical solution for large — 
mass concrete dams. AS pointed out in the paper, the type of aggregate used 
in projects of the magnitude encountered is largely fixed by the availability of 
adequate, suitable materials and economic considerations. Regional geology i is 
usually such that the choice is between different sources of one type of mate- - 
rial rather than between types of of material. Barely, if ever, does the le engineer 
have a choice between siliceous 2 aggregates on one hand and limestone aggre- 
gates on the other; but ifthe opportunity for making a choice did exist it would 
be difficult to justify choosing siliceous material if this choice resulted in an 
a _ Improved aggregate gradations and the use of air entrainment have p per- 
“mitted use of low. cement factors. Low factors and the utilization of cement 


‘replacement 1 materials in mass concrete have contributed to lower elastic 


‘moduli and have aided in restricting the cost increases that have occurred ae 
during the past Much” still remains to be done, and Mr. Mathes’ = 
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by Dante Finzi, Mario Mainardis, and Carlo Semenza 


Sy. 


DANTE FINZI,! MARIO MAINARDIS,? AND CARLO SEMENZA 3p 
4 The writers substantially agree with Mr . Carlos Ospina’s statement to the 
effect that design of underground power stations involves design and 


_ developed even if the  iaeheens of the former do not seem very clear _ 


garded as an ‘unsurmountable obstacle, unless the rock. is very poor. In this — 
connection, it should always be remembered that a more attentive study 
3 generally results in saving money at the executive stage. With regard to con- 7 
_ struction complications, the writers must take the largest possible advantage a 
. of geology and modern geotechnique, especially geomechanics, and rely upon 
experience. At any rate, _the choice should be made case by case and always — 
taking substantially into account—as- was already said—the economy of the 
_ Access facilities. —In addition to the information provided in the paper, 


Fig. 30 and Table 2 show the characteristics of the main access tunnels _ 


=e first. As for design complications, they certainly exist but must not be -— 


Ventilation. —As regards ventilation “during construction, Italian practice 
ist rather varied. Following Mr. Ospina’ S suggestion, the writers attempted 


to collect | some data in this connection but met with greater difficulties than ; - 


‘Different solutions were also ‘realized in our power stations, according to 
the various cases. At Somplago, which will be the largest one after the con- 


_ struction of the second stage, ventilation in the main underground hall (ma- 7 a 


- chine room) was provided by means of three ventilators installed in the ac- 
cess, discharge and cable tunnels, as well as through the natural air circu- 
lation resulting from the different elevations of the tunnels and the penstock 

ry: Further, the discharge tunnel (over 600 m long) was provided with a a 
ventilator set, approximately 80 hp, sucking and compressing 26,000 m3 ; air 
per hr, with a total head of 580 mm water column. The ventilator was con- 

_ nected to a metal pipeline, 600 mm in diameter, and a eta gear ~~ 


ventilator or aspirator according to need. 


1 Mgr., Hydroelectric Constr, Dept., Montecatini Co., Milan, Italy. oe 
7... Central Mgr., Mgr., Electro Mechanical and Operation Dept., SAM Venicg 
Central Hydr, Constrs, Dept., S.A.D.E, Co., italy, 


- December, 1959, by Dante Finzi, M Mainardis, and Carlo Semenza, 
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7 
ip 
aes = surface plants in cases where the advantages of the underground alternative i | 
7 _ are not overwhelming.” However. the writers think that the choice between an : a 
| 

| 
q 
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January, 1961 
The access tunnel leading to the power station and the ‘upper cable 


also ventilated oe means of fans fitted with and 


ime 


4 


SOMPLAGO SLORENZA GARDONA 


‘ 
ARDENA 
ra 7 


FIG, FIG, 30,-ACC ESS 
the most and humidity both inside 
2 3 ‘So far as S.A.D.E.’s power stations are concerned, when the first under “ae 
‘es ground power stations were studied (1938) the ‘problem of ventilation gave 


rise to excessive worries. ea was believed to be indispensable to install ex- — 


for ventilation during operation, the circuit of 
g installed generally follows the access tunnel and the bars (or cables) tunnel 
I on the way in or out, often with reversible air stream direction inorder to __ 
AMPEZZO ASTELBELLO MALGA CIAPELA 
q 4 
| 


3 power stations by the methods: 


s = 2, The air in the machine hall is s changed by means of centrifugal venti- 

P. ~ Iators which suck in the air from the outside and let it into the spaces between _ 


SZ rock and the inside wall of the access tunnel where air cools in summer | 


| 


the tunnel itself. 


acs Width, in Meters Height, in meters| 


Castelbello porphyry (small 
Glorenza 


(small 
‘ 


4 


4 
© 
o 


Malga Ciapela 
Gardona 
; Ponte Gardena j 


. In power stations with vertical sets, turbine rooms are connected to the © 
main ventilation circuit by means: of little ventilators which suck in the air 

from the turbine room and let it into the discharge tunnel 

4, The secondary rooms (transformer boxes, battery rooms, etc.) are 


also connected main ventilation circuit means of little ventilators. 


ooo 


grés 


porphyry (small 
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= In n ‘most “power ‘stations the control room is 3 also v ventilated by the same 


te roo | 


machine ‘hall and semen d rooms were ventilated according to the ‘preceding | * 
-_ Penstocks. —The variety, as Carlos Ospina pointed out, of the solutions — 
aot is due partly to the rock conditions and partly to the rock conditions 


‘machine hall. Experience proved that this was quite unnecessary, satisfactory 

— 
g of the entrance tunnel, if there is one (which in some cases is used perma- — 
are not available, through §f 
Dam in - ‘Paving 
ind 
| 4.78 | 5.35  |porphyry (small 

| 

| 
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For this reason steel-lined wells are comparatively rare and 


- eally abandoned. Obviously, where the contribution of the rock to resistance 
is uncertain, the solutions penstocks fixed in concrete present no 

- ie: Regarding the choice between metal penstocks : and pre-stressed concrete : 

2 penstocks, it should be noted that (as stated in the paper) the cost of sheet _ 
i steel was rather high in Italy, at least up to a few years ago, so that the use 
i _ of pre-stressed concrete penstocks was also more convenient where the rock | 


contribution was null or very modest. The introduction on the market of sheet 


crease, gradually modified the situation in favor of metal penstocks. 
of the advantages offered by the latter is elasticity, which increases their | 


ia : resistance to any possible movement in the rock due, for instance, to seismic 


om As for pressure tests on the rock, they are performed in Italy prior to 
_ design as well as Curing ' the designing stage. In some cases, the writers per-— 
_ formed these tests too, but in most cases, especially with limestone, they 
were not necessary. 
_ This does not mean that geologic conditions are not thoroughly investigated _ 
, — designing a plant. Drill holes and test tunnels, sometimes drilled in 
oo such or way as to be used permanently, are widely adopted. _ At the same time 
a and geotechnical resources are given the greatest consideration. 


Finally, with special regard to the penstocks at a power station, 
the solution adopted is justified by the following reasons, 
_ The particular arrangement of the “penstocks (3 one shaft and 2 


another) is due to the fact that the system is being built in two different 


stages (one of which > has already been completed). Each stage has its own — 


supply tunnel, surge tank, vertical shaft. of the first 


pre-stressed. concrete fixed in n concrete: 7 


3 metal penstocks, 2.55 m in diameter, placed free in the shaft; and = 


= 1 metal» penstock, 4.00 m diameter, placed free in the shaft. 


The second solution, although more expensive than tt the others, others, was finally 


comparison with pre-stressed solution, its costs was vas slightly 


in which the power station is located. Owing to t this, the characteristics 


‘and the spacings between the supports of the shaft ‘penstocks - were designed = 


ar as to avoid resonance conditions, S, considering the most probable frequencies _ 


van nye ‘continuity of operation, tor any ‘time the pipe or the valves of the 
turbines should be out of service (for maintenance reasons or breakdown) 


a the three sets would also be out of service. This point is particularly im-— 
portant in the case of | Somplago power ‘station which cannot be substi eee 


in 


7 steel with high elastic limits as well as the tendency of steel prices to de- — 


= Rock is not always such as to assure its contribution to resistance. More- 
over when the rock ic highly perme which is e frequently external 
} 
q 
q 
4 
a 
| 


‘the ‘s. A. D. .E. scheme . To ensure in operation, at least 


with regard to valves, each turbine should have been provided with two rotary 
valves so as to allow the overhauling of the downstream valve of a turbine. 
This solution 1 would have proved in the end more expensive than the one that 


A short bibliography on the Italian w underground plants is presented in in the 


5. The ain are very grateful to Mr. F. L. Lawton for underlining — 
¢ of their points of view which they consider to be fundamental in the technique 
ty of underground power stations, 
Moreover, , it is noted that Mr. Lawton alsothinks that adequate pretiminary 
investigations are imperative. No doubt geology plays an important 
/ part in the design of Italian underground power plants and is fully taken into LO 
: 7 account in both design and construction. Seismic activity also affects design — 
for example, in the case of Somplago power station ‘we mentioned above. 
P _ With regard to the main features of Italian underground power’stations and _ 
Fig. . 6 of the paper, showing their cross sectional shapes, it is regretted that | y 
the figure is rather difficult to interpret due to the small scale used in the - * 


publication. Therefore a new copy of the original drawing made on a larger 
scale and thus more legible is presented 
As Bressanone power station, it has been in operation ever since 
aa Further data on this station can ‘be found in the et listed ‘subse- : 
The remark that unusually complex iesnen, supply and discharge tunnels 
are associated with the stations is quite correct. This complexity is generally — 
-_ unavoidable and due, in the case of rather poor rock, which is quite frequent — 
in Italy, to the opportunity of avoiding tunnels that are too large. Other special - 
reasons, , such as the need for a two-stage c construction, may also account for 
oo “Concerning | costs, reference can be made to a publication by M, Mainardis 
(see Bibliography), where the cost of some of our underground plants is — 
compared to the cost of the envisaged out- ground solutions, This comparison 
_ cannot be based on general principles, for it depends upon circumstances that 


vary from case to case. With regard, for example, to Soverzene power station, 


the— comparison was | rather - complex due to the morphological features of the 
area where the station was to be located. However, the choice of this location * al 

= was necessary in order to fully exploit the available head and the nature of 4 


D as _ the ground surface which was by no means favorable to an outground 

0 far as the location of power station and penstocks was concerned. Here 

the underground solution cost, on the whole, (all equipment included) was a 


approximately 500 million lire less than the out-ground solution (20% of total 


cost). This was mainly due to the lower cost of penstocks, the length of which | 
was we reduced, as well as to the possibility of eliminating relief 7 
As medium-sized plants, Brunico power station, for example, 
approximately 15,000 lire (24 dollars) per cu m, including excavation, lining, 
‘8 and concrete. The cost of larger power : stations was slightly lower. Actually, : 
if the rock is not of a very poor quality, the cost of power stations a 
as their size increases. In other words, the two basic elements determining — 


cost of a station are its size and the characteristics of the rock, 
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APPENDIX. — BIBLIOGRAPHY ON ITALIAN 


‘This Bibliography on the Italian underground power stations does not claim 
to cover the field completely. The names of the main power stations de- 


scribed are in parenthesis. The isting is in chronological order. arn 
DEL COGHINAS” (Coghinas Elettrotecnica, ” ” July, 


1980, pp. 478-485; August, 1930, pp. 501- “511. 


tu Dott. Ing. | g. Giuseppe Romagnoli M Mosca. “PRINCIPALI IMPIANTI IDRO- 
ELETTRICI EUROPEI CON CENTRALE SOTTERRANEA E LORO PAR- 
TICOLARITA’ COSTRUTTIVE” (Main European Hydroelectric Schemes 
- Underground Power Stations and Their Construction). (Power ul i 

- tions: Coghinas, Flumendosa 1st and 3rd heads, Pian Sule, Foce Ponale, 
a few 1st head, Liro 1st head, Sonico-Cedegolo 3rd head), *y Energia 


Elettrica,” February, 1935, pp. 85-116. 


“GLI ‘IMPIANTI DI CENCENIGHE E DI AGORDO DELLA SOCIETA’. a 
3s ADRIA TICA DI ELETTRICITA” (S.A.D.E.’s Plants at Cencenighe and 
a Agordo). -“L’Energia Elettrica,” December, 1938, pp. 851- 856.0 
he 4, Dott, Ing. G. Castellani. “LA CENTRALE DI PONTE GARDENA” (Ponte 
— Power Station). “L’ September, 1939, PP. 
a 5. “UN NUOVO IMPIANTO IDROELETTRICO NELL’ALTO ADIGE” (A New ia 
on the Adige). (Power station: Bressanone). 
Energia El Elettrica,” March, 1941, pp. 192-199. 
Dott. Ing. Fabio Niccolai, “UNA GRANDE CONDOTTA FORZATA 
CEMENTO ARMATO” (A Large Reinforced-Concrete Penstock). 


Dott. Ing. -Amilcare Berni. «CONSIDERAZIONI SULLA COSTRUZIONE 
_ DELLE CENTRALI IDROELETTRICHE IN CAVERNA” Observations 
Regarding | of Underground E Hydro- Power Stations). 

‘Prof, In Ing. Guido Oberti, “SUL PROBLEMA STATICO DELLE CONDOTTE 
_ FORZATE IN CALCESTRUZZO ARMATO: STUDI E RICERCHE SPERI- 

(The Static Problem of Reinforced Concrete Penstocks— 


1944 
_PIANTI IDROELETTRICI SUL VELINO E SUL MERA DELLA SOCIETA’ 

Company). Power Plants on the Velino 
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a IMPIANTI IDROELETTRICI DAL 1936 AD OGGI” (Activity of the S.A. 
“g D.E. Group in the Field of Hydroelectric Plant Construction From 1936 


to the Present Day). (Power Stations: _Cencenighe, Agordo, La Stanga). 


11. “L’ ATTIVITA’ SVOLTA DALLA TERNI DURANTE DECENNIO 
‘NEL CAMPO DELLE COSTRUZIONI IDROELETTRICHE” (Activity 

Terni Company in the Field of Hydroelectric Construction in the Past Ten 
Years). (Power stations: Cotilia, Recentino, Prowvidenza, S. _Giacomo, 
Montorio), “L’Energia Elettrica,” September, 1947, pp. 361- 373, 
12. Dott. Ing. Carlo Semenza. . “IMPIANTO IDROELETTRICO DEL LUMIEI” ~ 


 (Lumiei Hydroelectric Plant). (Ampezzo power station). “L’ Energia 


. Prof. Mario Mainardis. “CENTRALE DI AMPEZZO” (Ampezzo_ 
‘Power “L’Energia Elettrica, ” January, 19 1949, pp. 16- 


14, Dott. Ing. “Luigi Selmo. “1 I NUOVI IMPIANTI DEL GRUPPO S.LP. (The 
New S.LP. Plants). (Power stations: Avise, Pontey, Hone, S. 


” 4 
“L Elettrotecnica,’ March, 1949, pp. 86- 86-104. 


DEL GRUPPO EDISON NEL CAMPO DELLE COSTRUZIONI 
" IDROELETTRICHE DAL 1936 AD OGGI” (Activity of the Edison oon _ 
‘a in the Field of Hydroelectric Construction From 1936 to the » seemed 
a Day). (Power stations: Mera 1st head, Gerola Alta, Regoledo). ” Energia 
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ROBERT T BOUCHAYER!, — The writer wishes to point out that his company 
_ gives computations to its customers to enable them to determine the dimen-_ 
sion of the blocks that are needed to anchor the penstocks. We are primarily 
manufacturers and have specially developed the | computations of penstocks 7 


+ ‘The savings suggested in the blocks themselves are derived from these com- . 
— Mr. Peters mentions the ay that a pipe is stronger if it works in 
only one direction (circumferential direction). Taking as a basis the properties 
Ah, of the interaction of stress ina _ cylindrical shell, we assert that without — 
. q ‘diminishing the safety factor, in any way, we have a supplementary capacity — 
of stress absorption | in a straight or in an arched pipe, when the ends of the — 


= latter are anchored. The method by which some directions are left unused, 


leads to ee, thickness by the application of the simple formula: 


If Mr. Peters applies this formula, he is correct . The fundamental differ- 
ence is that our communication is based | on the 1 resultant stress theory a and 


ay, 
in which T> = Som of the circumferential st stresses in the plate, andg, = Sum 
_ According» to this theory, a hinged arch is always heavier than a fixed end + 
arch, and the ‘thickness of a straight pipe - clamped between two blocks, if we 
‘ apply the elementary formula, can be larger than if we determine it by a 
i On the other hand, to make a comparison between the Swiss method and the 
American method, we must from the beginning speak the same language, that 
oe is to say not only to add up the stresses due to the moments and normal > 
_ stresses produced i by the weight | (external effects), but to take into account that | 
- the pressure imparts stresses: of internal origin that considerably alter the 
interaction of stresses enable the pipe to absorb some longitudinal stresses. 
December, 1959, by Robert Bouchayer, 
1 Director General, Societe Dauphinoise d’Etudes et DeMontages, ‘Pecte, France, 
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These considerations us to assert that an arched fixed ends. 


wil generally better resist all the combined stresses than a ape 

a5 aa If it is right to say that the Swiss method has the advantage of greater — 
simplicity of computation, owing to what has been said previously, it is wrong 

_ to assert that it allows the production of lighter pipes. In fact, we think that : 
‘= : for a straight pipe between two anchorages, the suppression of the expansion _ 
«joint makes possible the introduction of longitudinal stresses due to the Poisson — a 

oy effect, that, in resultant stresses, give a safety factor larger than would be the — 


case with a joint to this pipe, for equal thickness. 


in n comparison with the free pipe. 
: = _ When Mr. Peters speaks of the limitation of the French method, owing to 
" = the nature of the ground, it is very clear that the strength of the ground must © 
f _ considered in every case; the ground i is required to resist the stresses sdue 
_ When the ground yields under a penstock provided with expension joints, it 
Pe. ay result in jambing or leaking, a and when it yields under an arched penstock, 
as the latter absorbs the deformation by being more stressed a greater amount, — 
oN ‘Regarding horizontal bends, we c can point out a number of cases in which 
_ they have been placed between blocks without creating particular difficulties _ 
- the supports, the latter being designed in a very simple way to allow — he 
_ displacements in the plane of the pipe. It is true that, in this case e, the thick- 
ness of the self-hooped pipe must be sufficient to support the longitudinal 
stresses. Practically, the shell thickness must be = half of the thickness « of a 
Peters also says that the French method adds to the ‘complication of 
the final assembly. It is right to say that the welding of the joints is more 
_ difficult than the connection of the sleeves, but one must not forget that these 
joints are “composed of larger diameter pipe-sections that serve as sliding 
- sleeves. There is a certain overlap that allows for the correction of the length. 
4 While the joint is welded, the sleeve « can slide > freely, and it is not t necessary — 
toe cut the last pipe section a at the exact length of the measured play ata cer- a 
- tain temperature. This detail, although important, may not have been noticed. 
= _ One must not forget that in the Swiss method it is nearly always necessary > 
» tighten the seals of the joints whenthe water pressure is first applied. This 
Berne the same work as in the French method (in which the final Pare 
fact of a penstock being o on sound rock decrease the r 
value of the penstock with free bends, and, if the example we have chosen ue 
“for | a rather low strength foundation, it is only to to — a comparison in a 
that particularly interests the engineer. = 


_ We add that, for many years, the anchor blocks do not. cover our our penstocks, _ 


‘but end at the horizontal diameter. In this respect, we consequently agree with 
the method used in the United States. 
The writer has | nothing | to say on the computation on methods : of the Pacific ; 
Gas and Electric Company, and has read with great interest the details that 
have been given onthe subject. = q 
il % Lastly, we remark that if it is true that the m« method we we have described cannot 
- _ be applied to self-hooped pipes or penstocks equipped with flexible joints, it can 
perfectly applied to the straight pipe and the penstocks that have hor hori- 
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‘DESIGN OF SELF SUPPORTED STEEL TRANSMISSION 1 TOWERS? © 


Discussion by Clark L. White, J. B. Billingsley, Robert 
lollick, F. W. B. Benham, Harold H. Dugan 
CLARK L. waire,8.- 
the purpose of the electric power transmission line and the supporting —. 


The of the many together with the National 


ees The several used by tower designers. (before 
_ NESC was adopted) when tower strength overloads: | were specified; for ex- 
mA ample, 25%, 33-1/3% and so on up to maximum of 100%. Eq. 8 (Fig. 4) laa . 
_ have been selected for 25% overload, Eq. 4 (Fig 4) for 50%, Eq. 6 for 33- 1/3%, 
> and so on down to Eqs. 1 and 2 for approximately 100% overload. A aoe 7 
_ Tower designers, today, will increase the design loads according tothe | 
overload factors, then use the ultimate value formula, Eq. 5 (Fig. 4). 
| They would not “compound the overload or safety factor by using Eqs. 8,4, 
- 6, or others in combination with the NESC overload factors. j= © 
= Eq. 5a, or 33,000 - 130 L/R psi, is a recognized ultimate, design formula. 
Although not included in the NESC it has been published elsewhere. hg el 
conc This report is nearly identical to NESC so far as tower design strength is 
BL BILLINGSLEY, .—This paper its approach to 
‘the dire need for a realistic and comprehensive code specification for trans- 4 
mission towers, a problem that has been facing the electrical industry and > 
associated fi fields for the past several years 
_ The crux of the problem has been brought out. clearly, in this paper namely, <i 
_— National Electrical Safety Code insofar as it refers to criteria applicable 
| 7s that the fifth edition of _the Code was adopted in 1941, it has 
ie up admirably well, but not so consistently as has its counter-part, the 
National Equipment Mnufacturers Association Standards, governing electrical 
o - equipment. This is because the predominant field of engineering represented pd 
= the electrical industry is electrical engineering. Thus follows the reason 


_ for an up-to-date , NEMA standard, one written and adopted by ose =} 


June, 1960, by R. N. Bergstrom, J. R. Areana, andJ,M. Kramer, 
8 Asst, Engr., Bethlehem Steel Co., Bethlehem, ¥ 
9 Reports of Joint Engrg. Committee of Assoc, of = Edison 
‘16 Power Engr., ‘Flint Steel 1 Corp. Tulsa, 0 Okla, 
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= ie Design of high- voltage age transmission towers is not a etme matter. This 
4 paper has pointed out some basic steps, assumptions, and methods of analysis 
necessary to the proper design: of a tower; among these steps are graphic — 


-_. analysis, statics, static indeterminacy, least work , redundancy, 2 and — 


[ ei keep it abreast of major advancements in materials 


tricities. These are all familiar terms to structural engineers, they = 


in the’ paper those “who: can offer the most assistance, the structural 


This is not ‘Meant to criticize electrical in any of the 
: opinion that the electrical industry would eutetne a new code recommenda- 
tion if properly reviewed and recommended by those experienced in the field. 

— The present code is so simple it is complex; inconsistencies and cufesions 


are frequent, interpretations as to intent are as varied as the interpreters, 7 ; 


design weight for a given tower can vary as much as 35% purely as a direct — 


result of interpretation. For instance, the authors have specifically mentioned — 
some thirteen gorge formulas 1 now being utilized intower design; in — 


—- This need for a revised code is becoming more serious every day . For ex- 


> 


a) is no now ga gaining in popularity, new extrusions are being de- 
ol veloped that are unlike standard rolled sections, yet offer amazing resistance 
to bending» due to their unusual shape; how will aluminum be handled? The 
code does not acknowledge its existence insofar as towers are concerned, yet 
there are several _transmission lines in operation today using aluminum 
The new ASTM-A36 steel is being offered by almost every major mill; 
— new, higher yield point steel, supposedly at so little additional cost that it 


might conceivably replace ASTM- -A7 steel entirely in availablity. inte 7 


(3) New concepts in the use of the copper- -bearing, high-elastic limit 
steels that are more expensive but do not require galvanizing or any surface 
therefore, they are desirable from a maintenance ‘Standpoint. 
ie _ development, presentation, and v ultimate acceptance by the electrical 
= 1 industry of a new design code would not be simple. There are many problems : 
be. solved; however, with the support of those directly affected by the pre- 
‘sent code, engineers, electric wilities, consultants, and fabricators it can be 


‘The unique aspect of the sentation that the current governing code re- 

be reviewed with respect to revising them into a form 

readily understandable and adaptable is the fact that numerous transmission © 
towers have been designed, constructed, and tested to failure under controlled 7 
_ conditions. The results of ‘such tests have contributed one particular factor — 
not too commonly found in structure analysis—a field test of overall design. 
«Tt is truly an -Opportune time t to review such tests | (where test results are = 

available) recommend on the basis of such tests, a sound, simple 

’ _ understand code of practice governing designs of such structures, and to esta- 

 blish a means by which the code m may be amended as often as necessary to 


ass 


methods of 


methods. 
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ROBERT E, HOLLICK K ASCE.—The hope by the authors of 
this paper for improved design criteria for transmission towers is shared by © 


all who have had occasion to deal with such structures. It may also be added 


a appears from the acceptance being accorded to two publications that all 


of existing structural codes should incorporate the ultimate load 
concept. With this concept, an attempt should be made to define design loads: 2 
and ultimate capacity loads | as realistically as possible, ms then introduce the 


1 the structural designers ‘would use ultimate strength design methods. By =. 
- plication of previous methods of design, engineers have developed many allow- 
able working stress formulas — and have often lost sight of the “overload 
4 factors” involved in each case. . Fig. 4 illustrates the confusion that results © 
from such procedures. With the ultimate | load method of design, given dead 
and live loads are multiplied by various load factors to find the ultimate load 
capacity required for a given member. This appearsto be the method recom- 
i" mended by the authors but unforunately, the terminology differs from that used - 
in recently published codes involving ultimate load concepts. What are noted in | 
“the texts as “ultimate” compression formulas are plottedon Fig. 9 as “allow- | 
able unit stress” and later in the text are listed under the heading of ‘ ‘allowable — ; 
stresses.” These stresses are not to be used with given loads or design loads — q 
should, therefore, not be designated “allowable stresses.” The term “ulti- 
‘mate unit stress” would be appropriate only if it is understood to mean the 


as or the ‘ultimate load divided by the a area of the 
- ae The ultimate load concept helps clarify design thinking by relating assumed — 
‘ or given loads and load combinations with the ultimate strength of a — 7 
7 or member. The load factor may be reduced nearer to unity when the i 
_ loading: conditions and the minimum ultimate strength are more accurately 
cS determined. At present, the load factor besides providing for possible over= 
ee also be considered as allowing fora possible decrease in strength 
. due to stress repetition, reversals, wear, corrosion, and other adverse lly 
FE: vice conditions. . Presently, used load factors for total maximum load condition 
Pell 7 - might be reduced to— about 1.2 if overloads were included as a part of the 4 
: given loads, and an allowance in the ultimate strength was made for possible 
loss of strength. Just as it is rather pointless to discuss allowable stresses 
separately from assumed loads, so is it futile to deal v with load factors sepa-_ 
rately from loads and ultimate strength, 
paper gives “overload factors” of from 1.1 for stringing 


loads to 2.54 for wind loads that, _ when considered with the assumed loads and > 


= estimated ultimate strength, appear to give reasonable design. The writer f 
. wer the use of load factor values expressed to the second decimal — a 


Head, , Struct. Design Sect., Internatl. Engrg, Co., Inc., San Francisco, Calif, 
“Rules for Plastic Design and Fabrication,’ by the AISC,1958. 4 


13 “Report of Joint on Ultimate Design,” by the 
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40 Ff gest that the overload capacity factors themselves should be modified with one -, 
overload capacity factor applicable to the tower design: and a much larger 


clamp, this may be acceptable, but the general collapse of a tow 
— F. W. RECHTERMANN, 14 yy. ASCE.—As transmission line costs increase 
: ‘c_- year, , designers are becoming more aware of the fact that new approaches 
to the design of transmission towers are needed along with the intelligent use 
of new and better structural materials. Intheir presentation of this paper, the 
authors have indicated | savings that can be obtained by a careful and 
realistic analysis” of a structure and also how new design ‘concepts: can often 
be proven by careful full-scale testing of completed structures. = = 


in important, however, the authors have pointed out the great need for 
a the 1 utility industry to establish a more realistic and up-to-date set of standards 
C3 — specifications regarding the design of transmission structures. The varied 
list of compression formulas in use today indicates that there is great latitude 
in the design of transmission towers. Also, the authors have pointed out that 

the structural design section of the National Electric Safety Code (NESC), 


7 oy published by the National Bureau of Standards, is quite ambiguous on many 


“seen 1 numerous s tower designs submitted for approval that, although they c com- 
plied with the NESC code, were not good structural designs. = 
Pi _ The National Electric Safety Code was written quite some time ago by 
engineers primarily concerned with the electrical aspects of a transmission 
+ line. It is out of date as indicated by the fact that it contains nothing regarding 
the use of high strength low alloy steels or aluminum for transmission towers. = 
Tower designers and fabricators have develop ed their own set of design 7 
3 formulas, ultimate compression formulas, and yield point values, and they 
a vary as widely as those the authors have listed for the use of A-7 carbon steel. 
The utility industry needs an up-to-date set of specifications regarding the 7 “y 
structural design of transmission towers. It is recommended that a joint com- » 4 
mittee of members of the AIEE and ASCE be formed to review changes and 4 
- additions required to clarify that portion of the code regarding the structural | 
4 strength of transmission towers and to bring it up-to-date. The results of auch 
a study should then be presented to National Sarees of Standards. 
Jn BENHAM, 15,—The authors’ paper is most welcome | and appreciated 
. in Florida where there is little opportunity to discuss transmission tower 
_ design problems with those having an interest in the subject. The authors have 7 
clearly stated a fundamental basis for designing steel transmission towers and © 
- have recognized the apparent intentions of the framers of the National Electric 7 
Safety Code (NESC). They have given sound consideration to the numerous gaps 
= _and incongruities which appear inthe present NESC insofar as steel tower con- 7 
struction is concerned and have suggested solutions which appear reasonable. 
Their recommendation for revising that part of the NESC to include specific — a 
column formulas and yield points for various grades of steel and aluminum _ 


would clarify transmission tower design and be aforward step toward making | 7 


a feasible a towers to be designed on a comparable basis. The writer 
> that the NESC should ‘continue the present specification of overload | 


capacity factors based on yield points rather than working stresses, but sug- > 


14 Asst, Design Engr., Pioneer Service and Engrg. Co., Chicago, Il. ee 
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overload capacity factor a to the foundation design. This is because 7 

appears preferable for towers to be designed to withstand specific 

_ conditions, and the writer feels that any additional overload factors confuse © zy 
rather than clarify. Overload factors should be used as overload factors and a) 4 


ns. The designer should continue to _ i, 
“have the > prerogative to sonety alarger overload capacity factor for more im-_ 


for the NESC to clarify tower “design requirements as as to broken wire con-_ 

7 ditions . The use of bundled conductors particularly justifies a revision of the 

longitudinal loading requirements of the NESC. However, it is suggested that 

% the revised NESC should make it clear to designers that towers 1 must wiiatend 
minimum broken wire loads which would result from fatigue failures, 

& ware failures and broken insulators, as wellas failures  Pepuiting from human 


= HAROLD H. DUGAN, JR,1® M. ASCE.—The authors suggest a review of 
| load combinations specified by the NESC that seems desirable. It appears ba: qj 
_ more reasonable to combine all appropriate transverse, longitudinal, and ~ 
_ vertical loads in: any tower analysis, Where the NESC specifies that the bare ba 


q 
tower shall withstand 6.6 times the specified wind pressure, the writer feels ™ 7 
that this loading, the approximate equivalent of a 100 mph wind in the ry 
- loading zone, should be expanded to include the wind on the wires. However, 
itis suggested that the NESC Code requirements for wind loading be reviewed 7 7 s 
in light of the revised ASA requirements!” that include a new design wind- — 
q pressure map, an expanded table of design wind pressures, and recommenda- © 
tions for tower design. It should be noted that on the normal height tower the © : 
- wind load on the tower itself causes only minor stresses in web members, # 
but on tall towers, such as river crossing towers, this load can govern the 
. design of web members as well as legs in the lower sections of the tower. 7 
An important design requirement for primary members is covered rather 
4 loosely in the NESC rule 261A3 prohibiting permanent set caused by design P. 
7 loads. This is interpreted to limit maximum stresses to the minimum accept- 


cation. For clarity, the rule shouldbe sostated. The authors’ recommendation > 
_ of using the minimum acceptable yield point, rather than some higher value et 
: s may be obtainable by certain production methods, is quite proper, , inas-— 
_ much as the designer should never rely on Properties that the fabricator is 
not specification-bound to supply, 


4 able yield point of the material, as specified by the appropriate ASTM specifi- 


a 


_ The multiplicity of empirical column formulas, so ‘effectively presented by 
authors, descriptively illustrates the problem confronting the designer 
: who attempts to establish design stresses for compression members, The 

_ writer has found it desirable to use the recommendations of the ASCE ayedial 
on Column Research, that has recommended, after careful 


“formula is nen by Priest and Gilligan ‘Gitem (2) in the Appendix to the 
‘This formula gives the | average compression stress for any designated actual | 
extreme fiber stress and includes the effect of buckling deflections of the 


column and | end eccentricity of load application. The actual extreme fiber 
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= to be designated should be the minimum acceptable yield point. The _ 

_ Committee has recommended a value of ec/_20f0.25 to cover possible initial 

-crookedness and unintentional eccentricity of load application, and this value — 
would pertain to tower legs and other concentrically loaded members. The 
i, - strength steel (ASTM A242 or A440, both with minimum yield points of | 4 
50 kips persqin., and hereinafter referredtoas HS) column curve is net 


using ec/ 2 and by (see Fi Fig. 25) using a pinned end column length 


of 0. 875 of the overall Ilength, a value sli slightly more conservative. than the value 
* of 0. 85 recommended by the Committee. The curve is almost identical, in a 
the L/, range of 50 to 200 (that covers most members), with the suggested HS 
oo column curve shown in Fig. 9. Note that the Euler curve for the preceding _ 
i: Y conditions is above and is the limit of the taantly of secan. zurves shown on a 
_ Also shown in Fig. 25 is the secant curve for A7 steel, that is more con- 4 . 
servative than the often - used straight-line relationships shown in Fig. 9. 
secant curve for compatible with the HS curve, whereas the 
“he straight- line relationships are not—a factor of importance in any theoretical 
| economical comparison such as illustrated by Fig. 11. With reference to 7 
_ Fig. 11, the reason for the unexpected slope reversal of the curve at L/_ = = i 
i and 150 is the fact that the straight line relationship for A7 steel is eal 
patible with the curve for HS steel 
a - Another advantage ‘of the secant formula is that it is applicable to higher- 
grade steels (such as and other metals that may become 
; dee and would give results consistent with those herein proposed. Also, _ 
4 the formula provides for the design of members with eccentric connections. q . 


_ The NESC 261A3 rule is applicable to the design of tension members. To 
allow, for the flexural stresses due to the common eccentric application of — 
4 tension loads through one flange o of an angle the method of deducting the area 
of one-half the outstanding leg together with the effective hole deduction, from 
_ the gross area of the angle, and limiting the average stress over this area 
4 to the minimum acceptable ASTM yield point for the material, is considered — , 
desirable. This gives tension members a . slightly higher overload capacity, - 
based on ultimate strength, than compression members, but with the greater _ 
importance of properly designed end details on tension 1 members the added 
With regard to the economy of A7 versus HS steel, it seems proper to 
analyze ‘the two based only on fabricated cost. Thus, whereas there may be © 
some erection saving due to lighter members, this highly debatable saving is 
an added “bonus” in which high strength steel prevails. The fabricator’ Ss 
Sees of steel is also an indeterminate variable , but the premium of $25. 
‘per ton for high strength the necessary information for an 
Rather than increasing K by 10% apparently presuming an A7 material 
cost of $250 ; per | ton, the following analysis is suggested. It should be kept in 
> mind that the “ratio of areas of HS to A7 steel required to satisfy a given . 
a column load can be read directly from the column curves (Fig. 25), by noting _ 
that the ‘Tatio of to S.,,, is equal to ratio of the area of HS steel to the 


area of Al steel required at any given 
= maximum allowable average stress in A7 column and a 


+ maximum allowable average stress in column, 
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The ‘breakeven will occur of the lighter HS member 
im required equals the cost of the heavier A7 member. This occurs at an L/.. * 
ee value at which the ratio of the unit cost of A7 steel to the unit cost of HS 
a steel is equal to the ratio of ‘the allowable A7 stress to the allowable HS 
stress. From Fig. 25 it is apparent that, based on the preceding, the economy © 


of HS steel diminishes as L/, increases. For " example, say | that the unit cost 


of AT is $250 per ton that there is a $25 per additional cost for 
HS steel. The ratio of A7 stress to HS stress at the break-even point must — : 
be 250/275 = 0. 91. ‘This stress- ratio occurs atan L/r of about 160 in Fig. 25. 
This would lead to the conclusion that HS steel should be used for members © 
having L/r of 160 or less. Considering erection and freight savings, as well 
as possible higher unit cost of A7 steel, it is evident that HS steel may — 
- retically be considered for even higher ratios of L/r. The following paragraph 
explains a more practical approach to economical selection of members. 
Members cannot , of course, be selected at the ideal L/r for each use, but | 
rather a selection ‘must be. ‘made from among the commercially : rolled 4 
_ sections. Based on the preceding it is seen that any HS member to do a given | 
Job: which weighs less than 0.91 times the weight of the A7 member required» 
for that job is economical. The relatively large increment of change in sec- 
tion areas being such as it is (usually greater than 10%), this results in a 
‘practical rule applicable to tower legs and web members, that HS members 
are economical unless the same size A7 member will do the job. This simple 
rule automatically classifies all secondary bracing and | many slender lightly 
loaded members as A7; recognizing the economy of HS, evenintensionmem- ~~ Jf 
__ bers, in which, although end details govern, the HS is | economically desirable ; 
for all but light tension loads on which the smallest permitted A7 section will 4 ‘ i 


Shere should be no disagreement with the authors’ well supported conclusion 


; the writer takes exception to Fig. 6. Assuming that the tension Pree 
- the leg extension shown has an adequate L/r for the intermediate ~psea 


=" ‘members ‘sized so “that they would not be bowed a as. 
_ shown, then it would not be possible for the tower leg to deflect over three 

_ panel lengths as shown. This can be seen by noting that such buckling would 

. 4 require the two. interior panel points on the main diagonal to either move 
_ together (for the leg deflection shown) or apart (for deflection into the aseradad 


> _— member over its assumed 7 ft panels, that i is necessary for ‘this configuration. 7 
, _ It should also be noted that the maindiagonal has only a nominal compression 
load, because in design, the other (tension) diagonal is presumed to carry all 

i: the unbalanced shear. The right reaction isinline with the tower leg, because 
there is no active compression diagonal to resist more than a nominal shear 
component in this direction. Deflection of the diagonal does not grove Se 


leg truss system from. adequately bracing the tower leg. 
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tural material for transmission towers. = = 
iter questions the need of adopting a generalrequirement that would =f 
maximum L/r to tension members. Where a tension member also 
a secondary brace it would of course be subject to a maximum 
= 0. But where tension only members are used, such as for crossarm_ 
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a It should — that t — S-curve shown in Fig. 10 is due to center ele 
by the tension diagonal rather then to any end restraint. 
i; ___ It is noted that the authors have used ASTM A394 bolts at their minimum | 
_ ultimate values. ‘This provides a lesser factor of safety based on ultimate 
strength than is provided for the members that are limited to minimum yield a 
strength, Bolting designed by the method proposed by the authors will result © 
in connections that may not fully develop the capacity of the connected mem- My 
bers. A design shear stress on the bolts consistent with the ultimate strength - 
“of tension members would be reduced to about 24 kips per sq in, ti 


‘retically, loading should t be evaluated inthe the 
of the line, and the capitalized extra cost of possible future outages should be 
"weighed against the present savings realized by the reduced loadings. These 
reduced loadings, | together with the use of high-strength steels, undoubtedly © 
in lighter towers and less expensive transmission | 

authors’ claim that the use of a rectangular tower section will s save 


tower weight is open to question. The investigation was certainly ; an interesting 
Ee one, and the test results are a credit to the designer’s carefulness and in- 


gneuity. However, the statement that a rectangular tower was most economical | 
was read with skepticism, and the | ‘most apparent way to resolve the question - 
was to design a square tower for the same loading conditions and with the 
same heights and conductor clearances to the tower. This has been done 
(see Fig. 26) using the design approach herein nrecommended, that is the same 
‘ x as, or more conservative than the authors’, _and results in a member weight © ‘ 
.* for a 120 ft tall tower of about 9330 lb. Increasing this by a generous 20% = 
for swinging brackets, bolts (5/8 in), plates, and ‘galvanizing, gives 11 »200 


inherent a square tower are: 
Even with equal weight towers the square tower consists of 
_ different members and greater duplication, that result in 
‘rial and erection 
ads The square tower is easier t to design and detail. 


. The steeper leg slope to a 5 ft square tower can ina 


shorter bottom crossarm (not taken advantage of here) 
Cus interesting observation can be made concerning the distribution of 


orsional shears in the rectangular tower. In Table 2 a value of 3.2 kips was io 
a etermined for the stress in members AC and BD. Inserting this value into 4 
Fig. 19 requires the long sides to carry 9.3 kips and the short sides 6.3 kips rd 
<= torsional shear. This results in either pair of opposite sides carrying also 
4 exactly 50% of the total torsion. This is not an unusual result, and suggests _ 
that designs based on this initial assumption would be adequate and much» a 
‘simpler, because trial and error member sizing would not be requireed. 
‘The rectangular: tower does have one desirable feature not mentioned, in 
that it occupies less ground than a square tower, that may have a definite 
value in right-of- way. longitudinal loads could completely eliminated 
the rectangular tower would evolve into the ‘single- face “flexible” tower that 
was popular earlier in the century, andthatis loaded in a manner comparable 
to wood pole H-frames. Recent developments in the design c of single a 
towers indicate tt that this may be a way to future economies. 
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writer. ‘shares the same hope as do the authors that utes paper and 
the: discussions resulting therefrom will serve as an impetus for improving 7 
the existing codes and establishing uniform design « criteria, 
Acknowledgments. —The writer would like to gratefully acknowledge the 
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ARCH DAMS BY TRIAL- LOAD METHOD OF ANALYSIS? i 


of Reclamation for having Much cred the trial- to thn ona of analysing 
the stresses in arch dams to its present broad usefullness. From the first | 
_ application of the basic principle to the design of the Pathfinder and Shoshone 
_ dams in 1905, in which radial deflections of the 1e arches and of the crown 
| ae were equalized by trial loadings, the method has been continuously 
advanced and amplified. The author makes a valuable contribution by giving 
1 -a clear presentation of the method in its present development and by showing : 
that it has become a very versatile tool for the stress analysis of arch dams. 
Its main liability has been the fact that the method is laborious and time 
ra consuming. Recently, the use of digital computers has helped to reduce the 
design time substantially. The information given by the author on this subject - 
indicates that a trial load analysis can now | be ca carried oul out v within very satis- 
—— in preference to short cuts and rough approximations. The author — 
then continues by stressing the possibility of error in “the minute measure- 
ments necessary” in model testing and, therefore, doubts the reliability of 
model results. He further states that testing for dynamic loads is not practical. — 
‘It is precisely in the field of model testing for dynamic loads in which © 
+ important new insight into the structural capacities of different types of arch 
= has been obtained. Of course, a model for static loads cannot give any 7 ‘ 
information on stresses induced by dynamic loads. A special test apparatus _ 
is required. ‘The models have to be mounted on a base that can be vibrated, a 
with full control of amplitudes a: and frequencies, in horizontal and vertical 
- directions. By means of such an arrangement, the investigation of the effect . 


r, yest forces can be and has been broadened considerably. One result 
appears to be particularly interesting; it refers to the direction of the vibra- 
tions most critical for the safety of the dam. The usual practice in trial load 
7 ~ analysis has been to apply a hydrodynamic pressure component representing © By 
vibrations in an and downstream direction. Dynamic model tests have 
‘shown _ that for many shapes of dams the destructive capacity of vibrations 
acting parallel to the chord of the arches or acting vertically exceeds by a 
very wide margin the effects of vibrations inthe up and downstream direction. 7 
_ The tests on the shaking table have also clearly shown the superior per-_ A 
formance of the dome or double curvature type of dam in withstanding seismic 
loads. For this type | of structure, dead loads 2 are not only carried by the 
cantilevers, as assumed for the trial-load analysis, but also by slanting» + ' 


August, 1960, by Merlin D. 
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the constant angle arch dam 1915, 
“pointed to the existence of an additional system | of support that he e called — 
slanting arches. His remarks referred to a single curvature dam in a narrow 
yv shape gorge. Model tests show that for the dome type arch, the contribution © 
of this system is greatly increased. An analysis based only on a system of 
horizontal arches and cantilevers cannot furnish a true picture of the stresses 
in such a structure. From this point of view, it appears that the author’s © - 
claim that the trial-load analysis is applicable to arch dam is too 


of _ The theory of arch dams isstillina stage of development. Therefore, pro- 


be. "made by ‘making available c comparisons between the performance of a 
es with the predicted performance, whether based on trial-load ened 


vie 


“more data ‘are published on model tested structures: than on structures 
_ analyzed by the trial- load method. It is to the credit of the Societa Adriatica _ &g 
Elettricita. ‘of Venice, that has built 10 important arch dams, allof which 
were ‘model tested, and has published freely its careful ‘observations on the — 
prototypes. A study of these comparisons offers the best answer to the doubt 
as to the reliability of model tests expressed by the author in “Con-— 
_ As pointed out before, model testing has contributed substantially to recen 
developments — in the art of arch dam design. . The writer considers it very 
= that, amongst the e engineers of our country, a demand be —— 
_for a special laboratory for arch dam investigations in which not only static 7 
tests with the best possible instrumentation, but also seismic tests can be 
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7 me; p. 17. In the first line under the heading HIRFANLI DAM change ‘ ‘ provides : 
power and flood control benefits” to ‘provides power, flood control, and irri- 


p. 24. In line 15 change — a third of the first” to “the upstream ‘y 
“face of the first. ’ In line 16 change “was made of the finer size” to“was made 
of a 15m wide sone of finer size. ” Also in line 16 change ‘the middle third” to naa 
_ “the middle part.” In line 18 delete the sentence starting with the words * ‘For = 
stability of the first stage... .” 
of the in line 25. 
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